Three pathways for phosphatidylcholine synthesis were assayed in castor bean (Ricinus communis var. Hale) endosperm. Phosphatidylethanolamine: S-adenosylmethionine methyl transferase occurred predominantly in the endoplasmic reticulum fraction, but some activity appeared in the mitochondria. Phosphorylcholine glyceride transferase occurred exclusively in the endoplasmic reticulum. The phosphorylcholine glyceride transferase activity was approximately 20-fold greater than the methylation pathway in the endoplasmic reticulum. No exchange activity was found. The Michaelis constant for the methylation was 31 jaM for Sadenosylmethionine; phosphatidylethanolamine promoted the reaction slightly while other intermediates stimulated it by about 50%. The pH optimum was 9. Phosphorylcholine glyceride transferase had a Michaelis constant of 9.7 izM for cytidine diphosphate choline but variable results were obtained from diglycerides. The pH optimum was 7.5 and a divalent cation was required, Mg2" giving the greatest stimulation.
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Synthesis of phosphatidylcholine (lecithin) occurs by three different pathways. The final step in each of these pathways may be represented as:
Diglyceride + CDP-choline---Phosphatidylcholine + CMP (1) Phosphatidylethanolamine + 3 S-adenosylmethionine---4 (2) Phosphatidylcholine + 3 S-adenosylhomocysteine Phosphatidyl -X + Choline---+Phosphatidylcholine +X (3) The first pathway has been extensively characterized in animal and microorganism systems (8, 12, 27) and reported in several plant tissues (11, 17) . The final step in this pathway was localized entirely in the endoplasmic reticulum of castor bean endosperm (13, 14) . This enzyme, phosphorylcholine glyceride transferase, purified from spinach leaf has been characterized by Devor and Mudd (5) and found to have a pH optimum of about 8 in the presence of 0.5 AM MnC12, the preferred divalent cation, and exhibits a Km for CDP-choline of 10 k.M.
Synthesis of pC2 by methylation of PE has likewise been studied in animals and microorganism (8, 12, 27) , but it has received only limited attention in plants. This (8) ; Vandor and Richardson (28) have shown that an exchange reaction in pea seedling microsomes can form PC. On the other hand, choline did not compete well with L-serine in an exchange reaction for phosphatidylserine synthesis catalyzed by an endoplasmic reticulum fraction in castor bean endosperm (18) .
The purpose of the present work was to characterize the various pathways present in castor bean endosperm and estimate their relative importance.
MATERIALS AND METHODS
The salts were obtained from J. T. Baker Company. Phospholipid substrates and standards were from P-L Biochemicals, Inc., except for L-3-phosphatidyl-N,N-dimethylethanolamine which was from Sigma and L-3-phosphatidyl-N-monomethylethanolamine from Gibco. The sucrose was from Mallinkrodt, and ethanolamine, N-monomethylethanolamine, and N,N-dimethylethanolamine were from Eastman. All other organic chemicals were from Sigma. S-Adenosyl-L-methionine (methyl-14C) and choline chloride (1,2-'4C) were from New England Nuclear while CDP-choline (choline-1,2-'4C) was from ICN.
Seeds of castor bean (Ricinus communis var. Hale) were soaked in running tap water for I day and germinated at 30 C in moist vermiculite covered with aluminum foil.
Homogenization and Cell Fractionation. This procedure was similar to methods described previously (14, 18) . Thirty endosperm halves, removed from 4-to 4.5-day-old seedlings, were chopped in a Petri dish on ice for 15 min with a single razor blade in 11 ml of grinding medium. The grinding medium contained 150 mm Tricine (pH 7.5), 10 mm KCI, 1 mM MgCl2, 1 mM EDTA (pH 7.5), and 17% (w/w) sucrose.
The crude homogenate was filtered through two layers of Dacron cloth, and the remaining debris was removed by centrifuging at 270g for 10 min. Five ml of the supernatant were layered on gradients composed of: (a) a 6-ml cushion of 60% (w/w) sucrose, (b) 20 ml of sucrose solution decreasing linearly in concentration from 60 to 32% (w/w) sucrose, and (c) a 5-ml layer of 20% (w/w) sucrose, contained in a 37.5-ml tube. All sucrose was prepared in I mm EDTA (pH 7.5).
The gradients were centrifuged at 20,000 rpm for 4 hr in a Beckman Model L5-50 preparative ultracentrifuge equipped with a Spinco Model SW-27 rotor and maintained at 4 C. Separation into serial 0.6 ml fractions and monitoring of the absorbance at 280 nm was accomplished with an Isco Model 640 fractionator equipped with a UA-5 absorbance monitor. Fractions corresponding to the endoptasmic reticulum (13, 14) were pooled for the majority of studies.
Enzyme Assays. Phosphatidylethanolamine:S-adenosylmethionine methyl transferase was assayed for 30 min at 37 C in a final volume of 0.5 ml containing 50 mm tris-HCI, pH 9, 0.2 mM phosphatidylethanolamine, and 0.2 mm S-adenosylmethionine (1 mCi/mmole). In some cases 100 mm glycine-NaOH, pH 9, was substituted for the tris-HCl. The reaction was started by the addition of the enzyme and stopped by the addition of 50 ,ul of concentrated HCl followed by extraction using the method of Bligh and Dyer (2) as modified by Bjerve et al. (1) .
Phosphorylcholine glyceride transferase was assayed by a method similar to that of Devor and Mudd (5). The assay was performed for 30 min at 37 C in a final volume of 0.5 ml containing 5 mM tris-HCI, pH 7.5, 1 mm dithiothreitol, 2 mM MgCl2, and 0.02 mm '4C-CDP-choline (5 mCi/mmole). The reaction was initiated by the addition of enzyme. Termination of the reaction and lipid extraction were as described above for the methylation reaction.
The transferase was assayed as defined for the L-serine transferase reaction in this tissue (18) . The reaction was run at 37 C for 1 hr in a final volume of 0.5 ml containing 40 mm HEPES buffer, pH 7.8, 2 mm CaC12, and 0.02 mm '4C-choline (22 mCi/mmole). The reaction was terminated and extraction as above.
The radioactivity of the reaction products was measured by drying the choloroform solution in a Biovial (Beckman Instrument Co.) followed by adding 2.5 ml of a scintillation cocktail consisting of 5 g of PPO and 0.3 g of POPOP in 1 liter of toluene. Radioactivity was counted in a Beckman LS-100 scintillation counter.
Fumarase was assayed according to the method of Racker (20) .
Identification of Products. The phospholipid products of the reactions were identified by co-chromatography with known standards. The chloroform-soluble products were applied to 300 AM thick Silica Gel G TLC plates and chromatographed with the following solvents (7, 9): (a) chloroform-methanol-water (65:25:4, v/v), (b) 1-butanol-glacial acetic acid-water (6:2:2, v/v), (c) chloroform-methanol-ammonium hydroxide (62:25:4, v/v). In addition, the products of methylation were verified by hydrolysis of the phospholipid under reflux in 2 N HCI at110 to 120 C for 3 to 4 hr followed by paper chromatography of the water-soluble hydrolysate as described by Bremer (3).
RESULTS
Methylation of Phosphatidylethanolamine. The methylation pathway form PE to PC increased linearly with increasing protein up to 0.4 mg and was linear with increasing time up to 30 min after which it tapered off slightly. Boiling the enzyme reduced the activity about 90%. The pH optimum for the methylation occurred around pH 9 in both tris-HCI and glycine-NaOH buffer (Fig.1A) .
The effects of increasingS-adenosylmethionine concentration are outlined in Figure 2A . From these data, the Km was calculated to be 31 j.LM. Phosphatidylethanolamine, the other presumed initial substrate (8, 12, 27) , stimulated the reaction at concentrations up to about 0.2 mm (Table I) , but the maximum stimulation was only 33%. This result is similar to that obtained for the phosphatidylethanolamine:L-serine phosphatidyl transferase reaction which also requires phosphatidylethanolamine (18) . Presumably the localized concentration of this phospholipid, about 26 .6% of the membrane phospholipid (6) , approaches saturation levels for these reactions. This explanation also has been suggested for similar results in rat liver systems (3). and phosphorylcholine glyceride transferase (B). Buffers used were tris-HCI (0) and glycine-NaOH (A) for the methylation reaction and tris-HCI for the transferase.
In contrast, the addition of PMME and PDME, intermediates of the overall reaction, stimulated activity to 148 and 161% of the control value, respectively. This suggests the occurrence of these substrates in the membrane is limited and hence limits these reactions and that the first methylation step is rate-limiting. Attempts to stimulate enzyme activity with Triton X-100 and sodium deoxycholate were unsuccessful. Triton X-100 inhibited incorporation as low as 0.012% (w/w) and deoxycholate as slow as 0.04%. Sonication also inhibited activity.
Tests of enzyme inhibitors showed that S-adenosylhomocysteine inhibited the reactions (Table II) . Two sulfhydryl inhibitors, N-ethylmaleimide and iodoacetimide, did not inhibit the reaction at concentrations up toI mm, but p-chloromercuribenzoate inhibited about 60% at that concentration. Mg2+ had no effect, whereas Ca2+ and Mn2+ both inhibited the reaction slightly.
Two products were obtained in the methylation reaction. One product, representing 52% of the labeled product, co-chromatographed with phosphatidylcholine in three solvent systems. The second product co-chromatographed with PDME in two system and very similarly to that compound in a third. The hydrolysis products co-chromatographed with choline and N,N-dimethylethanolamine. Thus, the products appear to be phosphatidylcholine and phosphatidyl-N,N-dimethylethanolamine. The optimal pH for the reaction was found to lie between pH 7.5 and 8 (Fig. I B) .
Varying the concentration of CDP-choline led to the results expressed in Figure 2B . From these data a Km of 9.7 LAM was calculated. Addition of diglycerides was found to have variable results: 0.2 mm dipalmitin inhibited the reaction about 55%, whereas egg and pig diglyceride promoted the reaction about 24%.
Mg2+ strongly promoted the reaction, reaching a plateau in activity at about I mm (Fig. 3) . On the other hand, Mn2+ stimulated only slightly, reaching a peak at about 0.4 mm. Results with sulfhydryl inhibitors showed little similarity to the results of Devor and Mudd (5) in that strong inhibition of the enzyme was obtained only with 1 mm p-chloromercuribenzoate (98%; 0.1 mm gave 6% inhibition), whereas several sulflhydryl inhibitors reduced activity in their system. Dithiothreitol had no protective effect.
Exchange Reaction. No exchange activity was found using the same conditions as for phosphatidylethanolamine: L-serine phosphatidyl transferase (18) . Intracellular Localization. The bulk of the methylation reaction is localized in the' endoplasmic reticulum fraction purified on a sucrose density gradient (Fig. 4) . This was the fraction characterized. A small amount of activity consistently appeared in the mitochondrial fraction. Phosphorylcholine glyceride transferase activity was entirely localized in the endoplasmic reticulum as previously noted (13, 14) . A comparison of the results in the tables and other figures (S-adenosylmethionine was not saturating the reaction in Fig. 4) indicates the phosphorylcholine glyceride transferase activity was about 20-fold greater than that of the methylation pathway in the endoplasmic reticulum.
DISCUSSION
The data in this paper provide evidence for two pathways of lecithin synthesis in the castor bean endosperm, one by sequential methylation of PE and the other culminating in CDPcholine:glyceride transferase. The reason for two pathways is obscure. The mitochondrial methylation activity would suggest a role in providing the phospholipid more directly to the membranes of that organelle. The duplication in the endoplasmic reticulum is difficult to explain in these terms, and the 20-fold greater activity of phosphorylcholine glyceride transferase and by phosphorylcholine glyceride transferase. Conditions were as under "Materials and Methods," except the S-adenosylmethionine was added at 0.7nM (56.7 nCi/nmole).
makes it unlikely that the methylation reaction supplies a major proportion of the organelle's lecithin. On the other hand, it is possible the methylation reaction serves as a repair mechanism or supplies the membrane with a particular species of lecithin. The latter suggestion receives support from the finding that the fatty acid composition of the products of the two reactions differ in some tissues (8, 12, 27) .
The absence of the first product of the methylation reaction sequence, PMME, and the failure of PE to significantly promote the reaction while PMME and PDME do, suggest that the first step is rate-limiting in the castor bean system. This also was the case described by Marshall and Kates (15) (4) . The present case appears more similar to the rat liver enzyme in it susceptibility to pchloromercuribenzoate.
The question of whether the series of methylations are catalyzed by one or more enzymes is unanswered for plant as well as animal systems. Studies on animal systems have shown a dispersed rat liver enzyme capable of catalyzing only the steps from the monomethylated phosphatidylethanolamine to lecithin (21) , although a solubilized enzyme from dog lung catalyzed the entire sequence (19) . On the other hand, Waechter and Lester (29) have found that the third methylation step is reduced 90% in choline-grown Saccharomyces cerevisiae, whereas the other enzymes are unaffected. A 40-fold purified soluble enzyme from Agrobacteriumtumefaciens (10) catalyzed the conversion of PE to PMME and small particles were obtained which catalyzed the remaining steps to PC. Other evidence supporting the notion of multiple enzymes comes from Neurospora crassa mutants and suggests two enzymes are involved, one catalyzing the first methylation and the second the other two (23, 24) . Thus, the abundance of evidence suggests that two or more enzymes are involved in the formation of lecithin by N-methylation of phosphatidylethanolamine.
The CDP-choline:glyceride transferase activity is similar to the spinach enzyme described by Devor and Mudd (5), but some differences do exist. The optimum pH of 8 and Km of 10 j,M for the spinach system are similar to the values reported here. The diglyceride results also were similar. Two distinct differences were found with respect to the results of Devor and Mudd (5) in that Mg2+ stimulated the reaction much more than Mn2+ and sulfhydryl inhibitors were less inhibitory. These differences may reflect dissimilar membrane environments or basic enzyme differences.
